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Abstract 
A second-v1rial-coefficient correlation has been developed 
which predicts pure-component and cross coefficients accurately for 
most classes of compounds. The proposed correlation uses many of 
the concepts developed in the Hayden - O'Connell second-virial-
coefficient model, with several improvements. These improvements 
include: 1) simplification of the chemical association term so that 
only one chemical association constant can exist for a given compound, 
2) better second-virial-coefficient predictions at high temperatures 
for polar-associating components, 3) slightly better predictions 
for non-polar and polar-non associating compounds and 4) modification 
of the metastable-bound term so that it meets the high temperature 
limit of zero. 
The proposed second-virial-coefficient correlation was compared 
to experimental data along with the Hayden-O'Connell correlation and 
and the Pitzer-Curl correlation for 178 pure components and 491 binary 
mixtures. On the average, the proposed correlation is more accurate 
than either the Hayden-O'Connell or Pitzer-Curl correlations when compared 
to the experimental data. 
The required pure-component parameters for the proposed correlation 
include critical temperature, critical pressure, radius of gyratior,, 
dipole moment, and a chemical association constant for polar-associating 
compounds. In addition, a chemical salvation constant is required for 
solvating mixtures. The chemical association (salvation) cons+ant can 
be fit to experimental data or estimated based on the class of compound. 
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In addition to the predictive capability noted previously, the 
proposed correlation can be used as a highly accurate correlative tool 
by allowing ~n additional adjustable constant. This added fl.exibility 
can be used when very high accuracy is required· and highly accurate 
data are available. 
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I. Introduction 
Accurate prediction of vapor phase thermodynamic properties over 
a wide range of conditions typically requires an equation of state. 
Because of its sound theoretical basis, the virial equation is the 
most fundamental vapor-phase equation of state developed to date. 
Accurate second-virial-coefficient predictions are required in order 
to predict thermodynamic properties reliably up to moderate densities 
with the virial equation. An improved second-virial-coefficient 
correlation which applies to almost all classes of compounds has 
been developed, based largely on the approach of Hayden and O'Connell (4). 
The Hayden-O'Connell correlation is probably the most generally 
applicable second-virial-coefficient correlation developed to date. 
For example, the UNIFAC group-contribution activity coefficient model which 
is applicable to a wide array of components, used the Hayden-O'Connell 
correlation for experimental data reduction (fugacity coefficients) 
to regress activity coefficient parameters (24). The Hayden-O'Connell 
correlation represents the most successful attempt to date for 
prediction of second-virial coefficients for molecules that partially 
associate in the vapor phase. 
While the Hayden-O'Connell correlation has many strengths, there 
are several areas where some improvements can be made. One such area 
is the chemical association term. The original scope of this work 
was to simplify the chemica1 association term in the Hayden-O'Connell 
correlation so that as the chemical association constant (n) beca~A 
larger, the second-virial coefficient always became more negative 
-3-
' l I , 
I 
(multiple solutions of n which result in similar second-virial-coeffi-
cients are possible with the Hayden-O'Connell correlation). After 
some success with the chemical association term, it was noted that 
the Hayden-O'Connell free-polar contribution could be somewhat 
*' * simplified (removeµ and recorrelate usingµ ) without 
loss in accuracy. Based on this observation, the scope of the 
project was increased. 
Some time later, it was noted that the Hayden-O'Connell metastable-
bound contribution to the second-virial coefficient did not approach 
zero at high temperatures. Based on derivations by Stogryn and 
·Hirschfelder (15,16) and others (17,18,19) using various intermolecular 
potentials, the metastable-bound contribution should approach zero 
in the high temperature limit. Based on this information, it was 
decided to increase the scope of this project to include improvements 
to the metastable-bound contribution. 
In order to improve the metastable-bound contribution, it was 
required that we recorrelate free contributions for all classes of 
compounds including non-polars. Thus, what started out as a minor 
refinement to the chemical association term, ended up as almost an 
entirely new second-virial-coefficient correlation. Even though the 
correlation is almost entirely new, it should be noted that many of 
the key concepts are still based on the work of Hayden and O'Connell (4). 
-4-
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A. Virial Equation of State 
1he vi rial equation of state expresses deviations· from ideal gas 
behavior as an infinite power series in ~ensity (inverse molar 
volume): 
Pv 
z = 
RT 
where 
B C 
= 1 + + --- + 
V v2 
z = compressibility 
p = _pressure 
v = molar volume 
R = gas constant 
T = temperature 
D 
--- + 
VJ 
factor ' 
B, C,. D = 2nd, 3rd & 4th virial coefficients 
(l) 
The virial coefficients depe~d on temperature and in the case of mixtures, 
on composition, but are independent of density and pressure. At low 
to rnoder~te densities (Up to roughly half the critical density of the 
mixture), reliable vapor-phase properties can be obtained by trunca-
ti.ng the vir.ial equation after the second term: 
z = 
Pv 
RT 
B 
= 1 + 
V 
(2) 
The second-virial coefficient (B) can be shown to be related to the 
inte·rrnolecular potential (U .. ) via a statistical· mechanics derivation, 
' lJ 
The r~sult of this derivation Js· given by: r -Uij(r)/kT 2 
B .. = - 21rN (e - 1) r dr (3) lJ . a 0 
where N 
a 
= Avogadro's Number 
r = inter~olecular distance 
k - Boltzmann's constant 
A detai.led .derivation of equation 3 is given in McQuarr·ie (1) and in 
Hirschfelder~ Curtiss and Bird (2). 
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Since the second-virial coefficient only acc9unts fdr two-body 
interactions in the va~or mixture~ it can be shown (3) that the 
mixture second-virial coefficient (BM) is given by: 
BM = EE y. y. B:. 
ij l J lJ 
(4) 
Other key thermodynamic properties can also be derived from the 
virial equation of state. For example, if the virial equati~n is 
truncated aft~r the second~virial coefficient, the fugacity coefficient 
of component i in a mixture is ~iven by: 
Ln ¢. = 
l 
2 
V 
E y. B. . - l n Z j J lJ ( 5) 
Hayden and O'Connell (4) state that in order to predict the vapor 
phase fugacity to within 1%, the error in the second~virial coefficient 
at 4QO K should be less than ab6ut 300/P, where the s~cond-virial-
coefficient is in cc/gmol and the pressure is in bars. Some partially 
associating systems have second-virial coefficients on the order of 
-lJOOO to -10,000 cc/gmol, so that even at 1 bar, second-vi rial coeffi-
cients should be predicted to within about 300 cc/gmol to obtain 
vapor phase fugacities within 1% at 400 K. 
Another important thermodynamic property which can be ~eriVed 
from the virial equation of state is the enthalpy departure fr6m 
ideality. If the virial e~uation is truncated after the second-
virial coeffici~nt, the enthalpy departure is given by: 
(6) 
where: H ~ enthalpy of mixture 
* H = enthalpy of ideal gas mixture 
-6-
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Equdtion 6 indicates that both the second-virial coefficient 
and its temperature derivative are needed to describe enthalpies 
of vapor mixtures at low to moderate densities: Therefore, a 
correlation which can predict second-virial coefficients over a 
wide temperature range, coupled with an accurate ideal-gas-enthalpy 
correlation will predict accurate heat effects for low to moderate 
density vapor phase mixtures. 
-7-
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B. Previous Second-Virial-Coefficient Correlations 
During the past thirty years, a numb~r of semi-empirical second-
virial-coefficient correlations have been developed (Pitzer, et al. 
(5j6,7), Black (8), 0 1Connell and Prausnitz (9), Kreglewski (10), 
Nothnagel, et al. (11), Tsonopoulos (12), Hayden and 0 1 Connell (4)). 
Two of the most popular approaches are the Pitzer correlation and the 
more recent Hayden-0 1Connell correlation. 
1. ·pi t z er Correl at i on ( 5 , 6 , 7). 
The P i t z e r sec o n d -v i r i a 1-c o e ff i c i e nt c o r re l a t i o n . i s a t t r a c t i v e 
because of its ~im~licity and high accuracy for many systems. The 
Pitzer correl~tion requires only the critical temperature, critical 
pr~ssure an_d acentric factor for· prediction of pure-component second-
virial coefficients. The Pitzer secorid-virial-coefficient correlation 
for a pure cbmponent is given by: 
R Tc. 
1 
{ Fa + Fl)} 8 .. = (w. 
. , 1 ' 1 
Pc. 
1 
2 
F0 = 0.1445 - 0.330{Tci/T) - 0.1385(Tci/T) 
3 
- 0.012l(Tc./T) 
l 
2 3 8 
( 7) 
(Ba) 
F1 = 0.073 + 0.46(Tc/T) - 0.50(T.c/T) - 0.097(Tc/l) - .0.0073(Tc/T) (Bb) 
where Tc. 
1 = 
critical temperature of compo.n~nt 
Pc. = critical pres sure· o.f component i 1 
w. = acentric factor of component i 1 
The Pitzer correlation is quite accurate for non-polar and slightly 
polar components. As an illustration, Figure 1 shows a comparison between 
experimental (13) n-octane second-virial ~oefficients and predictions 
from the Pitzer correlation for which the RMS deviation between data 
-8-
Figure 1 - N-octane 'B' 
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and predictions is 33 cc/gmol. 
The major drawback of the Pitzer correlation is that it cannot 
accurately predict second-virial coefficients for polar components 
which partially associate in the vapor phase (ie., alcohols, ketones) 
Figure 2 shows a comparison between experimental acetone second-
virial coefficients (13) and Pitzer correlation predictions. As 
illustrated, the Pitzer correlation predicts acetone second-virial 
coefficients which are not negative enough. The RMS deviation 
between Pitzer predicted and experimental acetone second-virial 
coefficients is 428 cc/gmol. 
2. Hayden - 0 1 Connell Correlation (4) 
The Hayden-0 1Connell second-virial-coefficient correlation is 
perhaps the most accurate overall correlation developed to date; 
however, it is much more complex than the Pitzer correlation. The 
required pure-component parameters for the Hayden-0 1Connell correlation 
are critical temperature, critical pressure, radius of gyration, 
dipole moment and an empirical chemical association constant (n). 
The pure component n is only required for components where there is 
partial chemical association in the vapor phase (eg. alcohol~, ketones). 
Then can be fit to experimental data or predicted based on compound 
family. The complete Hayden-0 1 Connell second-virial-coefficient 
correlation is given in Appendix A. 
Hayden and 0 1 Connell assumed that the types of intermolecular 
forces that contribute to the second-virial coefficient are additive and 
developed expressions for four such contributions. Figure 3 shows 
the effective pair potential of an elastic collision which can be 
-10-
Figure 2 ~ Acetone 'B' 
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used to illustrate thr~e of the four types of intermolecular forces 
that contribute to the second-viria·l coefficient in the Hayden-O'Lonnell 
correlation. The effective pair potential is defined as the sum of 
the intermolecular potential (U .. (r)) and the centrifugal potential . 
. lJ 
The centrifugal potenti~l is a relative kinetic energy term which is 
related to the energy of rotational moti~n. A more detailed description 
of the effective pair pbtential is given by Stogryn and Hirschfelder (15). 
Figure 3 illustrates a case where the relative kinetic energy term is 
sma 11 . 
In Figure 3, there are two cross-hatc~ed areas, one corresponding 
to the bound region and the other to the metastable region. The· bound 
region corresponds to two~mo1ecule systems ~here the total energy is 
less than the energy of the separated molecules. Bound molecuJes 
can only be freed by a collision with another molecule. The metastable 
r~gion corresponds to twp-molecule systems where the total energy is 
greater thah the energy of the separated molecLlles. Based on qu~ntum 
mechanics (15), if the half-Jife for dissociation is g.reater than the 
average time between collisipns, the metastable systems will behave like 
bound-double ·mole-cules; however. if the opposite is true, the metastable 
molecules will behave more like free m6lecules. The third area given in 
Figure 3 (above the metastable region) is the free reg·ion, which corresponds 
to molecules which interact and remain apart. ln addition to the bound, 
metastable and free contributions, the Hayden-O'Connell corre.lation also 
includes a chemical contribution which accounts for partial chemical 
associa{~on of molecules in the vapor phase (eg. hydrogen bonding). 
-13-
The Hayden-0 1 Connell correlation works reasonably well for non-
polar and slightly polar compounds. Figure 4 shows a comparison of 
Hayden-0 1Connell predicted and experimental n-octane second-virial 
coefficients for which the RMS deviation is 93 cc/gmol. The RMS 
deviation between the same experimental data and the Pitzer correlation 
is 33 cc/gmol (Figure 1). 
The major advantage of the Hayden-0 1Connell correlation over the 
Pitzer correlation is the chemical contribution term (B h ) which 
c em 
accounts for chemical association. The adjustable chemical association 
constant, n .. can be fit to experimental data or estimated based on the 
lJ 
class of the particular pure component or mixture of components in question. 
Figure 5 shows a comparison of predicted (based on group n .. for ketones) 11 
and experimental (13) second-virial coefficients for acetone. The 
RMS deviation between the Hayden-0 1Connell correlation and the experi-
mental data for acetone second-vi rial coefficients is 53 cc/gmol. 
The Hayden-0 1 Connell RMS deviation for acetone is significantly 
less than the RMS deviation of 428 cc/gmol obtained with the 
Pitzer correlation. 
While the B h term allows for a more accurate prediction of 
c em 
polar-associating second-virial coefficients, there are some minor draw-
backs to the empirical form of the correlation. Stein and Miller (14) 
point out that there can be several values of n .. which predict similar 
l l 
second-virial coefficients for a given component. The reason for this 
behavior is that the effective non-polar parameters used for the free 
and metastable-bound contributions to the second-virial coefficient are 
dependent on n ... Although the chemical contribution becomes more 
l l 
-14-
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Figure 4 - N-Octane 'B' 
Comparison Between Data and Hayden-O'Connell 
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negative with increasing n .. , the free and metastable-bound contributions 
1 1 
become less negative. Under certain conditions, the free and metastable-
bound contributions can dominate the effect of n .. on second-vi rial 
1 1 
coefficients. An example of this behavior occurs for water where 
Stein and Miller note that the very best curve fit is n .. = -0.15 
11 
(based on the data used by Hayden and O'Connell (4)); however, 
since a negative n .. is not allowed in the theory, another local 
11 
minimum which gives good results is n .. = 1.66. 
1 1 
Another area where some improvement can be made to the Hayden-
O'Connell correlation is for high temperature second-virial-coefficient 
predictions for polar-associating components. Figure 6 illustrates the 
effect of the chemical association constant n .. on water high temper-
, 1 
ature second-virial-coefficient predictions. For the case where 
n .. = 0, the Hayden-O'Connell correlation does a reasonable job at 
1 1 
high temperatures; however, predictions are not negative enough at 
lower temperatures (not shown on graph). Using the Hayden-O'Connell 
recommended n .. = 1.70, the Hayden-O'Connell correlation predicts 
1 1 
water second-virial coefficients at high temperatures that are too 
negcttive. 
-17-
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Figure 6 - High Temperature Water 'B' 
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C. Goals of Proposed Second-Viria)-Coefficient Correlation 
It is the intent of this work to develop an improved second-
virial-coefficient correlation, incorporating many of the features 
of the Hayden-O'Connell correlation. Some of the major improvements 
of the proposed second-virial-coefficient correlation include: 
a) Improved predictions for non-polar and slightly polar compounds 
so that second-virial-coefficient predictions are as good or 
better than the Pitzer correlation. 
b) Simplification of the chemici1 contribution term. As the chemical 
association constant increases, the second-virial coefficient will 
always become more negative. 
c) Assurance that the correlation behaves reasonably at the low- and 
high-temperature limits. 
d) The requirement that the proposed correlation predict cross 
second-virial coefficients as well or better on the average than 
the Hayden-O'Connell correlation for all classes of compounds, 
including mixtures where salvation occurs. 
-19-
II. Proposed Second-Viria1-Coefficient Correlation 
The theoretical basis for the proposed second-virial-coefficient 
correlation is similar to the Hayden-O'Connell correlation (4). The 
types of intermolecular forces which contribute to the second-virial 
coefficient can be separated into two major groups: a) dimerization 
contributions and b) free contributions. The second-virial coefficient 
is given by the sum of these two contributions: 
(9) 
The dimerization term includes contributions from metastable 
·molecules, bound molecules and molecules where partial chemical 
association occurs. A more detailed explanation of the metastable, 
bound and chemical contributions is given in the Hayden-O'Connell 
correlation section (I.8.2.). As with the Hayden-O'Connell correlation, 
the metastable and bound contributions are lumped together. The dimer-
ization contribution for the proposed correlation is separated into 
three terms, a metastable-bound non-polar, a metastable-bound polar, 
and a partial chemical association term: 
80ij = 8MB(non-polar)ij + 8MB(po1ar)ij + 8chem ij (lO) 
The metastable-bound terms in equation 10 account for the dimerization 
contribution to the second-virial coefficient for non-polar and polar-
non associating molecules. The chemical term in equation 10 accounts for 
partial chemical association in the vapor phase for polar-associating 
molecules (eg. alcohols, water). 
The free contribution to the second-virial coefficient is due to 
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two molecules colliding and remaining apart. fhe free contribution 
for the proposed correlation consists of a non-polar and a polar term 
and is given by: 
8Fij = 8F(non-polar)ij + 8F(polar)ij ( 11) 
The required parameters for the proposed second-virial-coefficient 
correlation include critical temperature, critical pressure, dipole moment, 
and radius of gyration for non-associating pure components and mixtures. 
In addition, a chemical association constant (tJJ .. ) is required for 
1 J 
polar-associating pure components and for solvating mixtures. 
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A. Metastable - Bound Contributions 
The contri~ution of bound and metastable molecules to the 
second~virial coefficient tor non-polar molecules has been derived 
by Stogryn and Hirschfelder (15,16) us.ing the Lennard-Jones 6-12 
pot e n t i a 1 . Ba r u a , et a l ( 17) , S a r a n ,. et a 1 (18 ) a n d S i ng h , et a 1 (19 ) · 
have derived bound and metastable coitributions for prilar molecules 
using the Stockmayer potent{al. The proposed correlation lumps the 
metastable and bound contributions together and is based on the 
tabulated results of Stogryn and Hirschfelder and Singh 1 e.t al. 
1. Non-Polar Molecules 
The derivation of the metastable and bound contributions to the 
second-virial coefficient using the Lennard-Jones (6-12) potential by 
Stogryn and Hirschfelder indicated that both contributions are given 
by a power series of the following form: 
-1 
8MB(non-polar)iJ = [ -1.5}{ bOij · A T*ij . B + ( C T* .. ) + 1 J 
-2 } ( D T* .. ) + ... 
lJ 
where T*ij = reduced temperature (T/(~ij/k)) 
A, B, C, D = constants 
b0 .. = 2/3 1r N o
3 
•• 
1 J a 1 J 
(12) 
The proposed non-polar metastable-bound correlation is similar 
to equation 12 truncated after the D term and is given by~ 
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•, 
8MB( non-polar) i j = 
-1.5[ -1 
b0 .. T*.. 2.089 + (0.05155 T* .. ) + lJ lJ lJ 
-2 } (0.1696 T* .. ) 
. 1 J 
( 13) 
An advantag~ of the proposed no11-po l ar metastable-bound carrel at ion 
over the Hayden-O'Connell counterpart is that it coirectly meets the 
high tempetature limit of zero. Figure 7 shows a comparison of the 
tabulated results of Stogryn & Hirschfelder to both the proposed and the 
Hayden-0 1Conne]l correlatibns. As illustrated, the proposed c6rrelation 
more accurately reproduces the Lennard-Jones results. 
2. Polar Molecules 
Singh, ~ (19) presented the cont ri buti on s of bound and 
metastable molecules to the second:...virial coefficient based on the 
Stockmayer potential assuming equal probability for a 11 of the rel at"fve 
orientations of the interacting dtpoles. An empirical correlation 
·, 
was develope:d which fits the tabulated results of Singh, et al quite 
well ·and is given by: 
· 2 4 
BKAB( 1 )'. = - b0 . . ·[o.7610 (µ* .. /T* .. ) + o.os801 (µ*. )T* .. ) } (14) 1·.1 po .:i r 1 J · 1 J . · · 1 J 1 J · 1 J 1 J ·· 
where * µ ij = reduced dipole moment 
.·{7243.8 µ. µ./((E .. /k)o 3 .. )} 
· 1 J , lJ .· lJ 
µ. = rlipole moment of component i (debye) 
.1 
The form of equation .14 is similar to the torm of the second-virial-
coefficient equation derived from the Stockmayer potential (2). 
Equation 14 als·o meets· all the required limits which are·: 
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I 
as µ* .. -+ 0 8
~B(polar)ij -+ 0 lJ 
as T* .. -+ 0 8MB(polar)ij-+ -oo l J 
as T* .. -+ 00 8MB(polar)ij -+ 0 l J 
Figures 8 and 9 show a comparison of the results of Singh,~ 
to both the proposed correlation and the Hayden-O'Connell correlation 
at reduced dipole moments of 0.4 and 3.2 respectively. It should be noted 
that the metastable-bound contribution for polar molecules includes both 
the non-polar (equation 13) and polar (equation 14) contributions. 
As illustrated, the proposed correlation more accurately reflects 
·the tabulated results of Singh, et al. 
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Figure 9 
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B. Free Contributions 
1. Non-Polar - Spherical Molecul~s 
A two-parameter corresponding states model can accurately pre~ 
diet second-virial coefficients for non-polar spherical molecul~s 
(eg. nobl.e gases; See Refs 1~3). The two parameters used in the non-
polar metastable-bound correlation are a Lennard-Jones characteristic 
energy (t .. /k) and i"ength (o,.). McQuarrie (1) has shown that for 
lJ . lJ 
non-polar spherical. molecules, the Lennard-Jonas characteristic energies 
and lengths are related to the critical temperatura and volume by the 
approximate felationships: 
( £ 1 .. /k) = 0.75 Tc. l l . l. 
I 
(0 1 ;;) 3 = 0.36 Vci/Na 
where: N 
a 
Ve. 
l 
= Avogadro 1 s number 
= Critical volume 
Tc; = Critical temperature (Kelvin) 
(15) 
(16) 
Unfortunately, the critical volume of a compound is not always 
available. A more accessible parameter is the critical prassure. 
For non-polar spherical molecules, the critical compressibility factor 
is roughly 0.29, With ihis compressibility factor, ~quation 16 can be 
r~written in terms of critical pressure anrl temperature as: 
where: 
(0 1 •• ) = 2.4 (Tc./Pc.) 113 l l . . l l 
Tc . i s i n Ke l vi 11 
l . 
Pc. is in atmospheres 
l 
0·1 •• is·; n Angstroms 
11 
(17) 
The prime ( 1 ) given in equations 15, 16 and 17 denotes that these 
characteristic properties are for non-polar components. A further 
modification of the characteristic prop~rties for dipole· effects is 
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required for polar molecules. The development of the polar charac-
teristic energy and length is given in S~ction II.B.3. 
The free contribution to the second-virial-coefficient for non-
polar spherical mrilecules was. dev~loped based on experimental data 
for helium, neon, argon, ~rypton and xenon from Dymond and Smith (13). 
S.i nee this correlation is not .intended to account for ·quantum effects, 
only data above 20 K for helium and 60 K for neon were considered. 
Also, the pseudocritical constants given in Prausnitz (3) for helium 
and neon were used. The free non-polar spherical second-virial-
c o e ff i c i e n t co n t r i but i on i s g i v e n. by : 
B F(non-polar) 
1 -2 
= b O . . (o . 5 6 6 6 - ( L O 61 T: . . ) + ( 0 . 4 2 9 2 T *.. . ) lJ . . lJ . lJ 
(spherical)ij 
-3 } 
- ( 0. 3402 T* .. ) lJ 
Appendix C shows a comparison of experimental second-virial 
coefficients to predicted values using the proposed,. Hayden-
O'Connell and Pitzer correlations for helium,. neon, argon, krypton 
and xenon. All three models predict noble gas setond~virial coeff-
icients .quite accurately with the average component root,..mean'-square 
(R~S) errors of: 
Proposed.Correlation - l.~ cC/gmol 
Hayden - O'Connell 4.·o cc/gmo'l 
Pftzer - 5. 2 cc/gmo 1 
It should be noted that none of ·the above three correlations 
meet the high temperature second-vi ri a 1 ·coefficient 1 imit of zero. 
This mi nor. inaccuracy is most evident for helium at pseudo-reduced 
temperatures above 25. For most applications, reduced temper~tures 
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(18) 
are less than 10, and therefore, this limitation of the three models 
is not typica1ly of practical significance. 
2. Non-Polar Non-Spherical Molecules 
In order to predict second-virial coefficients accurately for 
non-polar molecules that are non-spherical, a three parameter corr-
esponding states model is required. Pitzer (7) demonstrated that 
a correlation based on critical temperature, critical pressure and 
acentric factor can accurately model non-polar and slightly polar 
components. Since the acentric factor accounts somewhat for polarity, 
Hayden and O'Connell (4) developed a correlation for a non-polar 
·acentric factor in an attempt to separate the polar and non-polar 
effects. The proposed free-non-polar correlation uses desirable 
features from both the Hayden-O'Connell and Pitzer correlations. 
In addition to the characteristic energy and length parameters 
described in the previous section, the proposed correlation uses the 
non-polar acentric factor developed by Hayden and O'Connell as a 
third parameter to correlate second-virial coefficients for non-polar 
non-spherical molecules. The Hayden-O'Connell non-polar acentric 
factor is based on the radius-of-gyration concept of Thompson (20). 
The radius of gyration depends only on the structure of the 
molecule and describes the non-sphericity of non-polar forces (2). 
For linear molecules, the radius of gyration is given by: 
R1 = J(Iaib) ' 5 /m 
where: R1 = Radius of gyration 
I = Moment of inertia 
m = molecular mass 
For non-linear molecules, the radius of gyration is given by: 
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(19) 
R 1 = J21r(I I I ) • 3 3 3 /m a b C 
The Hayden-O'Connell non-polar acentric factor is given by: 
(20) 
w'ii = (0.006026 R') + (0.02096 R1 ) 2 - (0.001366 R1 ) 3 (21) 
The proposed correlation for non-polar non-spherical molecules 
assumes that only the free contribution to the second-virial coefficient 
is affected by non-sphericity. This assumption is based on the idea 
that the repulsive (free) portion of the potential is mostly affected 
by non-sphericity (4,21). The total free-non-polar contribution was 
assumed to be of a form similar to the Pitzer correlation: 
8F(non-polar) = LG1 + (w' ij G2)} (22 ) 
where: G1 = spherical contribution (equation 18) 
G2 = non-spherical contribution 
G2 in equation 22 was correlated based on experimental second-
virial-coefficient data from Dymond and Smith (13) for diatomic 
gases, non-polar alkanes, benzene, ethylene and carbon tetrafluoride. 
The resulting correlation is 
= b0 .. {2.727 - (10.55 T:~ .) + (19.46 T:~ .) lJ lJ lJ 
-3 } 
- (13.99 T* .. ) 
1 J 
(23) 
The proposed correlation, the Hayden-O'Connell correlation and 
the Pitzer correlation were compared to second-virial-coefficient 
data for 36 non-polar non-spherical components (Appendix C). A 
summary of the average component RMS errors by component family 
is given in Table 1. 
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Table 1 
Summary of Comparison of Predicted and Experimental 
Pure-Component Non-Polar Non-Spherical Second-Virial Coefficients 
1. 
. 2. 
3. 
4. 
5. 
6. 
7. 
8. 
No. of RMS Error, cc/gmol 
Family Components Proposed Hayden-O'Connell 
Diatomic 4 3.5 4.8 
Gases 
Alkanes 9 16. 28. 
Alkenes 3 31. 39. 
Aromatics* 1 17. 20. 
Cycloalkanes 3 44. 35. 
Fluorocarbons 8 39. 37. 
Chlorocarbons 4 57. 64. 
Other 3 18. 16. 
* - p-Xylene not included because the uncertainty in the 
experimental data is large. 
Pitzer 
4.8 
21. 
16. 
32. 
36. 
58. 
53. 
16. 
As illustrated in Table 1, the proposed, the Hayden-O'Connell and 
the Pitzer correlations all predict second-virial coefficients for non-polar 
compounds on the average to within about the same accuracy. A difference 
between the three correlations occurs for heavier alkanes (C7 and CB) at 
low reduced temperatures where the Hayden-O'Connell correlation predicts 
second-vi rial coefficients which are too negative by up to 350 cc/gmol, 
whereas the proposed and Pitzer correlations are both within about 
50 cc/gmol at these conditions. Also, the proposed and Hayden-
O'Connell correlations more closely reflect cyclic fluorocarbon second-
virial-coefficient data than does the Pitzer correlation. 
3. Polar-Non Associating Molecules 
In order to develop an accurate correlation for polar-non 
associating molecules, iJ was necessary to employ the 11 angle-averaging 11 
technique of Hayden and O'Connell (4) to account for the effect 
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of polarity on the characteristic energy and length. The Hayrlen-
O'Connell angle averaging approach is based on the n-6 potential 
with an additional dip~le term: 
g(Q) (24) 
where 
(25) 
g(Q) = orlentation factor 
Using the free~energy averaging procedure of Cook and Rawlinson 
·(22), Hayden and 01Connell approximated the total potential as: 
(£ .. /k) = (£I .. /k) I (1 + on/.(n-6) 
11 11 
(o .. )l = (o1 .. )l(l + 0 3/(n-6) l l l l 
[, = 17.941 x 10 6 µ 4 ._./ f_c. (£ 1 .. /k) 11. L · 11 ·. Tc (a· i • ) G} l l l 
( 26} 
( 27) 
(28) 
( 29) 
In order to reduce comp.uter time requirements, Hayden and· ci 1Connel l 
expanded the characteristic energy and length terms (Equations 27 and 28) 
in infinite series which were truncated after the third and second cerms, 
respectively. The results obtained are: 
(£ .. /k) = (£ 1 •• /k) ·[l - t;(n/(n-6))•(1 - (n/(n-6) + l)[,/2 )} (27a) 
11 11 ' 
(o ... ) 3 = ( 0 1· •• ) 3. {:i + 3[,/(n-6)} (28a) l l ' l l ', . l 
The correlation for n was developed by Viv.es (4) who fit normal 
paraffin second-virial-coefficient data and is given by: 
n = 16 + 400 W1 ,. 
l l 
( 30) 
Hayden-0 1Connell then correlated the parameter C based on equations 
25 and 30 and obtai~ed: 
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· C = 2.882 - 1.882 w1 •• /(0.03 + w1 • • ) 
11 11 
(31) 
The first attempt at correl'ating the free-polar contribution 
to the second-virial~coefficient was based on an equation of the form: 
{
.· -1 -2 -3 
BF( l. ·)· · = µ* .. b0 .. A+ (BT* .. )+ (CT* .. )+ (D T*.·.)} . po ar lJ 1J lJ . 1J 1J lJ ( 32) 
Based on an evaluation of equation 32. with roughly 25 polar-
non associating compo~nds, a slight correction to T* is pro~osed 
which improves second-virial-co~f.ficient predictions substantially. 
The modified T* is referred to as T*' and is of the form: 
T* 1 •• = T* .. + 0. 25 w 1 •• 
lJ lJ lJ 
(33) 
The final free - polar correlation was based on a least squares 
reg re s s i o n o f ex p e r i me n ta 1 d a ta fo r s e v e n ha 1 o g e n a t e d comp o u n d s , 
sulfur dioxide, hydrogen chloride, propyne and dimethyl ether from 
Dymond & Smith (13). The proposed free-polar ~ontribution is given by: 
BF(polar)ij = µ*ij 
...: 1 
- ( 1. 630 T* 1 •• ) + 
1 J bOij { 0.3815 
-2 
(3.240 T*' .. ) -
lJ 
-3 } (.2.780 T*' .. ) 
. 1 J ( 34) 
Appendix D gives a detailed comparison of experimental data to 
predicted ·results using the ~roposed, the Hayden-O'Conn~ll and 
the :Pitzer correlation for polar-non associating compounds. A 
summary bf the average component RMS errors for the polar-non associ-
ating ·co~pounds by family is given in Table 2. 
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Table 2 
Summary of Comparison of Predicted and Experimental 
Pure Component Polar-Non Associating ·second-Virial Coefficients 
Family 
No. of 
Components 
1. Ga·ses (HCl, 4 
so2, co, NO) 
2. Alkanes 2 
3. 
4. 
5. 
6. 
7. 
. 8. 
Al kenl;s 9 
A 1 kynes 2 
Cycloalkenes 1 
Aro·matics 3 
Halogenated 27 
Alkanes 
Haiogenated 5 
Al ken es 
9. Halogenated 
Aromatics 
Ethers 10. 
11. 
5 
6 
6 Su Hi des 
_____ RMS. Error, cc/gmol_---,-'--
Propbsed Hayden-O'Connell .Pitzer 
21. 
28. 
-30. 
34. 
33. 
82. 
47. 
43. 
63. 
68. 
42. 
14. 
30. 
32. 
39. 
45. 
83. 
56. 
49. 
76. 
67. 
59. 
25. 
21. 
28. 
105. 
18. 
.63. 
48. 
63. 
54. 
71. 
66. 
T he p r op o s e d ~ o r re l at i 9 n p red ·i c t s po la r- n o n a s soc i a t i n g s e c o n d-
v i rial coefficients slightly more accurately on the average than the 
Hayden-Connell correlation. The classes of compounds where the proposed 
correlation shows a noticable improvement over the Hayden-O'Connell corre~ 
lation include halogenated compounds and sulfides. The Hayden-O'Connell 
correlation does predict so2 second~virial coefficients more accurately 
than the proposed correlation (See Gases, Table 2); however this result was 
obtained because the Hayden~O'Connell polar - non associating correlation 
is based largely on so2 experimental data. 
The p r o po s e d a n d P i t z e r co r re 1 a t i o n s a re .b o th , o n the a v e r a g e , 
within about the same accuracy of the e~perimental data. Th£ 
proposed correlation predicts second~virial coefficients for sulfides 
more accurately than the Pitzer correlation; however the Pitzer correla-
t.ion predfrts- aromatics and cycloalkenes (c.yclopentene) more accurately. 
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C. Chemical Contribution 
In addition to the free, bo~nd and m~tastable contributJohs to 
the·second-virial. coefficient, some compounds require an additional 
contribution that accounts for partial chemical association in the 
vapor pha~e. Hayden and O'Conoell developed a complex relatioriship to 
account for chemical association based on an association constant 
(n .. ) which can be fit to experimental data or esti~ated based on 
l l 
the co.mponent class. Hayden and O'Connell claim that -the form of 
their chemical as.sociation term has a theoretical basis; however 
the term appears largely empirical. The proposed chemical association 
correlation is based somewhat on its Hayden-O'Connell counterpart, 
but it is· much simpler. 
There are several minor problems ~ith the Hayden-O'Connell chemical-
contribution term which have been noted previousl~(See Section I.B.2). 
These include the possibility of multiple roots for n .. and 
l l 
inaccurate prediction of second-viria1 coefficients at high tempera-
tures for ~ome compounds. The proposed chemical association term 
elfminates the multiple root problem and appears to predict. second-
virial coefficien~s rea~onably at high temperatures for al.l components. 
In order to determine a chemical a·ssociation term which would 
fit the experimental data and meet the correct low- .and high-tempera-
ture limits, sev~ral equation forms were attempted. The most promi-
sing was an equation somewhat simi"lar to the Hayden-O'C.onnell chemical 
association term: 
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(35) 
where: tJJ •• and m .·. are component dependent constants 
l J l J 
A desirable feature of the Hayden-O'Connell chemical association 
term is that it .has only one component dependent constant (n .. )·. lJ 
Unfortunately, equation 35 includes two component dependent constants 
( tJJ •. and m .. ) . Therefore, an attempt was made .to reduce the number 
l J l J 
of constants to one in equation 35. A least-squares regression using 
both constants in eq~ation 35 for 60 polar~ass~ciat~ng pure components, 
showed that mii w_as typically between a value of 3 and 5. Further, 
an evaluation of cross second-virial coefficients f6r solvating mixtures 
indicated that a value of m. ~3 resulted in an accurate correlation of the lJ 
ex~erimental data. Based on this evidence, a value of m .. =m .. =3 
1~ 1 J 
was chos~n for the proposed·correlation. 
Another desirable feature of the Hayden-0 1Connell correlation 
is that the adjustabl~ parameter (nij) is relatively consta~t for a 
given class. of compounds (eg. alcohols, amines). This featu_re allows 
the Hayden-0 1Connell correlation to be used as a predictive tool when 
experimental data for a polar-associating cpmponent or a solvating mixture 
does not e{i st. U n fo rt u n a t e l y , ip . . i n e q u at i o n 35 w i. th m . . = 3 v a r i e s 
· 1 J l J 
somewhat within a given class of compound. Therefore, a slightly 
modified form of equation 35 is proposed which appears to alleviate 
this problem: 
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This 
{ 
· mij } 
Bchem iJ' = bOi. 1 - exp(S ip . . /T ) 
' J lJ 
where: m· .. = 3 lJ 
S = 30 X 10 6 . 
T = temperature in Kelvin 
equati.on meets the correct limits: 
as ip . . -+ 0 B ij -+ 0 lJ chem 
as T -+ 0 B 
chem ij -+ -oo 
as T ·.-+ 00 B . 
chem ij -~ 0 
(36) 
In order to estimate pure-component second-virial coefficients 
\. for polar-associatihg co~pounds when no data are available, a ip., 
l l 
based on the particular class of compound can be u~ed. Table 3 is 
a list of ip .. 1 s for 17 classes of compounds, based on availabl:e l l . 
exp~rimental data. 
Table 3 
Pure Component Class !/Jii 
Class of Compound ip .. 
1 1 
Class of Compound ip .. 
1 l 
l'. Alcohols 1.40 11. N2 Containing 0.25 
2. Phenols 2.50 Ring Compounds 
3. Alde~ydes 1.35 12. Mercaptans 0. 15. 
4. Ketones 1. 50· 13. co * 2 0. 10 
5. Formates 0.70 14. cs2 * 0.60 
6. Ac eta t'es & 1. 05 15. N20 0.08 
Propionates 16. PH 3 0.07 
7. Amines 0.50 17. H20 1. 80 
8. HCN 1. 00 
9 .. Other Ni tril es 2.85 
10. Compound with 2.60 
nitro group 
* - iJl i -i used for CO2 and CS 2 to account for large quadrapole moment 
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A desirable feature of the proposed correlation is that as~-. 
1 1 
increases, the second-virial coefficient always becomes more negative. 
Therefore, a unique value of ~ii exists that will optimally fit 
experimental data. Since the Hayden-0 1Connell chemical association 
constant (n .. ) affects the free, metastable-bound and chemical contri-
11 
butions in different ways, it is sometimes possible to obtain more than one 
value of nii which will predict similar second-virial coefficients. 
The proposed correlation also appears to predict reliable second-
virial coefficients at high temperatures. Figure 10 shows a compar-
ison of experimental second-virial coefficients for water (13) to the 
·proposed correlation and to the Hayden-0 1Connell correlation. As 
illustrated, the proposed correlation is superior at high temperatures. 
A detailed, point by point comparison of experimental data 
to the proposed correlation, the Hayden-0 1Connell correlation and 
the Pitzer correlation for 67 polar-associating compounds is given 
in Appendix E. The point by point results shown in Appendix E for 
the proposed and for the Hayden-0 1 Connell correlations are based 
on regressed component chemical association constants. RMS deviations 
are given in Appendix E for both component and class chemical associa~ion 
constants. Table 4 gives a summary of the average component RMS 
deviations for the polar-associating compounds: 
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Figure 10 - Water 'B' 
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Table 4 
Summary of Comparison of Predicted and Experimental 
Pure Component Polar-Associating Second-Virial Coefficients 
Family 
No. of 
Components 
1. Alcohols $ 
2. Phenols L 
3. Aldehydes 2 
4. Ketones 5 
5, Formates 3 
6. Acetates & 3 
Propionates 
7. Amines 7 
8. HCN 1 
9. Acetonitrile 1 
10. Nitromethane 1 
11. N-Ring Comp 13 
12. Mercaptans 9 
13. S-R1ng Com~ 5 
14. 0-R~ng Comp 2 
15. Other (CO2, 5 
CS2, NzO, PH3, HzO) 
____ RMS Error, cc/gmol __ --,,-----
Proposed Hayden-O'Connell Pttzer 
Comp Class Comp Class 
67. 
68. 
41. 
26. 
22. 
22. 
10. 
43. 
132 .. 
23. 
46. 
21. 
48. 
47. 
10. 
98. 
74. 
86. 
70. 
40. 
39. 
38. 
44. 
132. 
32. 
97. 
42. 
93. 
59. 
11. 
36. 
300. 
61. 
39. 
34. 
25. 
18. 
53. 
111. 
52. 
72. 
36. 
66. 
34. 
14. 
68. 
300 .· 
224. 
104. 
43. 
53. 
42. 
56. 
115. 
54. 
89. 
66. 
106. 
59. 
29. 
97. 
183. 
515. 
394. 
'88. 
159. 
79. 
214. 
1730. 
1140. 
139. 
61. 
136. 
72. 
25. 
As illustr~ted in the above table, the proposed correlation 
predicts second-vi rial coefficients more accurately than the Hayden-
O'Connell correlati.on for most classes of po·lar-associating compounds. 
. . . 
Al sci, both the proposed and Hayden-O'Connell correlations are more· 
accurate than the Pitzer correlation; however the Pitzer correlati·on 
is not in.tended for polar-associc1.ting cor:npounds. 
Further correlative capabili~y c~n be added to the proposed 
correlation for polar-associating compounds by modifying equation 36 
slightlj, allowing m to be an adjustable constijnt: 
exp( tP . ./( T /310 t ij )} 
1 J . (37) 
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This minor modification adds desired flexibility to the proposed 
correlation when accurate second-virial-coefficient aata are avail-
able; however there are two restrictions on the use of equation 37: 
1. accurate experimental second-virial-coefficient data must 
be available over the entire temperature range of interest. 
2. the value of tJi .. obtained with equation 37 should not 
1 1 
deviate from the value of tJi .. obtained with equation 36 
1 1 
by more than the lesser of 20% on a relative basis or 0.4 on an 
absolute basis. The reason for this rule is that tJi .. has 
1 1 
a minor effect on polar-associating - non-polar cross 
coefficients. 
As an example of the correlative capability of equation 37, experimental 
methanol second-virial coefficients can be fit to within an RMS deviation 
of 29 cc/gmol with equation 37, whereas, the RMS deviation on thr same 
data is 80 cc/gmol with equation 36. 
-42-
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D. Cross Coefficients 
In order to extend the proposed correlation for cross second-
virial coefficients, binary mixing rules are required for the 
characteristic energy, the characteristic length, the non-polar acentric 
factor, the reduced dipole moment and the chemical solvation term 
(ip .. ). The possible combinations of binary compounds have 
l J 
been grouped into five categories which include: 
1. non-polar - non-polar binary mixtures 
(eg. methane - ethane) 
2. non-polar - polar-non associating binary mixtures (non-solvating) 
(eg. methane - chloroform) 
3. non-polar - polar-associating binary mixtures (non-solvating) 
(eg. methane - methanol) 
4. polar - polar non-solvating binary mixtures 
(eg. propylene - isobutane) 
5. solvating binary mixtures 
(eg. acetonitrile - acetaldehyde) 
The proposed mixing rule for the characteristic energy is given 
by: 
( E . . /k) = ( E 1 • • /k) p. . a . . 
lJ lJ lJ lJ (38) 
where (E 1 .. /k) - non-polar cross characteristic energy 
l J 
(applies to all mixtures) 
p .. - angle-avePging derived term 
l J 
for non-polar - polar mixtures 
a.. - non-associating - polar-associating 
l J 
interaction term 
The characteristic-length mixing rule is given by: 
a .. 
l J 
where 
= (0 1 •• ) q.. (39) 
l J l J 
(0 1 •• ) - non-polar cross-characteristic length 
l J 
(applies to all mixtures) 
q .. - angle averaging derived term 
l J 
for non-polar - polar mixtures 
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The three terms given in equation 38, the two terms shown in equation 
39l the cross non-pol~r acentric factor, the cross reduced dipole 
m6ment and the cross chemical-salvation constant are ·all explained 
in subsequent sections. 
1. Non~Polar - Non-Polar Binary Mixtures 
Prediction of non-polar - non-polar cross second-virial coeffi-
ci~nts requjre miiing rules for characteristic energy, characteristic 
length and non-polar acentric f~ctor. Several mixing rules w~re 
evaluated against experimental data including the Hayd~n~o'~onnell 
non-polar mixing rules (See Appendix A) and a modifi.ed form of 
Pitzer's mixing rules (3). 
mixing rules are proposed: 
Based on this eval-uation, the following 
{
E
1
• ~ {E. ·1 ·r· E .. ·1 (. 8/(0 3 .. o3 ... )] 
-;~~ = -~~ .• -~! .. i:;;-i~:;;~-. 
( 0 I •• ) = 0. 5 (o, . + 0 • , ) lJ . . l l J J 
WI . • = 0. 5 (w I •• + WI . , ) 
lJ ll JJ 
(40) 
(41) 
(42) 
The fD i x i n g r u l e fo r ( E ' . • / k ) i s o f 
l J a similar form to that given by 
Prausnitz (3) for Tcij neglectirn the first ionization- potential correction 
and -replacing the critical volume with (oii) 1 I~. The Tcij mixing rule 
given in Prausnitz i~ derived from London's dispersion formula 
subject to several simplifying assumptions. Both the Hayden-
O'Connell (E' .. /k) mixing rule and equation 40'.predict non-polar cross l J . 
coefficients within about the same accuracy; however, equ~tion 40 
was chosen because of its semi-theoretical basis. The Hayden-
O'Connell mixing rule is empirical. 
-44~ 
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Further flexibility can be added to the proposed correlation for 
cross second-virjal coefficients by replacing the last term in 
equation 40 by an adjustable parameter K .. : 
lJ {:~ijj - {'Eii}. ·{··Ejj}. - - --- • --'.'" • K .. . . lJ 
k . . k . . k 
(43) 
Equation 43 adds desired correlative capability when highly accurate 
cross second-virial coefficient data are available. To avo1d the 
possibility of two adjustable binary interaction parameters for the 
same binary pair, equation 43 should only be used· for non-solvating 
mixtures. 
The arithmetic mean characteristic length miiing rule (equation 41) 
was chosen for the proposed correl~tion. Both the geometric mean and 
aiithmetic mean mixing rules were found to be of similar accuracy; 
however, the arithmetic mean mixing rule was chosen because of its 
more theoretical basis (ii can be derived from the hard sphere ~odel 
of molecular interaction). The Hayden-O'Connell correlation uses the 
geometric mean mixing tule for characteristic length. 
The arithmetic mean mixing rule for non-polar acentric factor was 
chosen based on empirical evidence. Both the Piizer and Hayden-O'Connell 
correlations use similar mixi·ng rules for acentric factor. 
An extensive comparison between experimental data and the 
proposed, the Hayden:O'Connell ~nd the Pitzer cottelations is giv~n 
in Appendix F. The mixing rules used for the Pitzer correlation are 
from Pra.usn i tz ( 3) and .are given by: 
le .. = 0.291 - 0.08 w .. (44) 1 1 1 1 
Ve .. = le .. R Tc· .. /Pc .. (45) 11 1 l 11 11 
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le . . = 0. 5 (le. . + le .. ) 
lJ ·11 JJ 
w .. - 0.5 (w .. + w .. ) 
lJ l l J J 
Tc.. = ~Tc .. Tc .. 
.lJ 11 JJ 
sj(vc .. Ve .. ) 
11 J J 
(Vc.:31 + Vc.:33)3 
11 J J 
(46) 
( 47) 
(48) 
Pc .. = 8 le .. R Tc .. /(Vc . .' 33 + Vc.: 33 )3 (49) lJ lJ lJ 11 JJ 
Based on a comp~rison Df predicted and experimentaJ data for 
143 binary non-polar systems, the fol lowing average binary RMS 
deviations were obtained: 
Proposed Correlation 
Hayden-O'Connell Cotrelation 
Pitzer Correlation 
- 17 cc/gmol 
16 cc/gmol 
- 20 cc/gmol 
Based on this analysis, all three models predict non-polar cross-
second-virial coefficients within about the same accuracy . 
.2. Non-Polar - Polar-Non Associating Binary Mixtures 
In addition to equation~ 40 to 42 for characteristic energy, 
characteristic length and non-po}ar acenttic factor, respectively, the 
proposed correlation ·includes additional characteri~tic energy 
and length terms for non-polar - polar mixtures. These additional 
terms account for the effect of ihduction in polar - -non-polar systems 
and are bas·ed on an an 11 angle averaging" technique by Hayden and 
O'Conneli (4). Hayden and O'Connell assume that the avera~e polariz-
ability of the molecules varies as c. 213 o4, as implied by equating 
the dispersion attractive coefficient in the r- 6 term inequation 24 
to the Slat~r-Kirkwood formula (4). The angle averaging correction 
t~ the cross charact~rJstic energy and l~ngth for pol~~ - non-polar 
binary mixtures is given by: 
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Pij = (1 + ~ 1 n/(n-6)) 
q .. = (1 3 ~1/(n-6)) 
l J 
(µ .. )2 (E .. /k)2/3 (o .. )4 
11 JJ . JJ 
~I = --------------------------
(E 1 •• /k) (o 1 •• ) 6 
l J l J 
The p .. and q .. given by equations 50 and 51 apply to the cross lJ lJ 
(50) 
(51) 
(52) 
characteristic energy and cross characteristic length as shown in 
equations 38 and 39 r2spectively. Then in equations 50 and 51 
is given by equation 30. As with the Hayden-O'Connell correlation, 
a factor of unity was chosen for equation 52, based on available 
data. 
Appendix G shows a comparison of predicted and experimental non-
polar - polar-non associating cross second-virial coefficients for 60 
binary mixtures for which the average binary cross coefficient RMS 
error is: 
Proposed Correlation - 30 cc/gmol 
Hayden-O'Connell Correlation - 30 cc/gmol 
Pitzer Correlation - 30 cc/gmol 
As with the non-polar - non-polar cross coefficient data, all three 
models also predict the non-polar - polar-non associating data 
within about the same accuracy. 
3. Non-Polar - Polar-Associating Binary Mixtures 
An evaluation of cross second-virial coefficients for non-polar -
polar-associating mixtures using the non-polar - polar mixing rules 
detailed in the previous two sections, indicated that the proposed 
correlation predicted cross coefficients for these mixtures tnat were 
somewhat too negative. Based on this evaluation, an empirical modif-
-47-
ication to account for the effect of pure component association on the 
cross characteristic energy is proposed: 
a .. = 1 - (0.075 ip .. ) for ip .. >O and ip .. =O (53a) lJ l l 11 J J 
a .. = 1 for ip .. >O and ip .. >O (53b) l J 11 J J 
or ip .. =O and ip .. =O 
11 JJ 
The a .. defined in equations 53a and 53b is the same as that shown in l J 
equation 38. 
Hayden and 0 1Connell handle the problem of non-associating -
associating cross coefficients by including their chemical associa-
tion constant in the pure component characteristic energy term (See 
.Appendix A). While the Hayden-0 1Connell approach works reasonably 
well for the cross coefficients, there are several problems for pure-
component polar-associating second-virial coefficients which have 
been noted previously. 
Appendix H gives a detailed comparison of the proposed corre-
lation, the Hayden-0 1 Connell correlation and the Pitzer correlation 
to experimental data (13) for 56 non-polar - polar-associating 
mixtures. This comparison is based on the pure-component class 
ip .. 1 s given in Table 3 and on the pure-component group n .. 1 s given by 
l l 1 l 
Hayden and 01 Connell (4), for the proposed and Hayden-0 1 Connell 
correlations respectively. The average binary RMS errors for the 
non-polar - polar-associating systems are: 
Proposed Correlation - 42 cc/gmol 
Hayden-0 1Connell Correlation - 39 cc/gmol 
Pitzer Correlation - 103 cc/gmol 
As expected, both the proposed and Hayden-CJ Connell correlations 
are more accurate than the Pitzer correlation. The proposed and 
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Hayden-O'Connell correlations are both within about the same accuracy 
for the non-polar - polar-associating systems tested. 
4. Polar - Polar Non-Solvating Binary Mixtures 
The cross characteristic energy (equation 38), characteristic 
length (equation 39) and non-polar acentric factor (equation 42) for 
polar - polar mixtures have been explained in previous sections. The 
only additional parameter required is the cross reduced dipole moment 
which is given by: 
µ* .. = 7243.8 Jl. µ./~E .. /k) 0 3 .,} 
lJ 1 J t' lJ lJ 
where J1 . i s 
1 
E •• /k 
1 J 
dipole moment in debyes 
is in Kelvin (equation 38) 
a .. is in Angstroms (equation 39) 
1 J 
Appendix I gives a comparison of predicted and experimental 
(54) 
cross second-virial coefficients for 29 polar - polar non-solvating 
binary mixtures. CO2 - polar non-solvating binaries are included in 
the polar - polar non-solvating section. In the proposed and Hayden-
O'Connell correlations, CO2 is considered as an associating molecule 
due to its large quadrapole moment. The average binary RMS deviations 
between experimental data (13) and predicted cross coefficients are: 
Proposed Correlation 
Hayden-O'Connell Correlation -
Pitzer Correlation 
43 cc/gmol 
49 cc/gmol 
64 cc/gmol 
Based on this analysis, the proposed correlation is somewhat more 
accurate than either the Hayden-O'Connell or Pitzer correlations 
for polar-polar non-solvating mixtures. 
5. Solvating Binary Mixtures 
Solvating mixtures are defined as binary mixtures which tend 
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l 
to associate partially in the vapor phase (eg. hydrogen bonding 
mixtures), thus decreasing the cross second-virial coefficient. 
Salvation is accounted for in the proposed correlation with the 
chemical association term: 
Bchem ij = bOij {1 - exp(S ~ij/Tmij)} 
where: m .. = 3 
1 J 
S = 30 X 10 6 
T = temperature in Kelvin 
(36) 
The chemical solv1tion constant, ip .. can be fit to experimental data 
lJ 
or estimated based on a given class of binary mixture. Table 5 
lists several class salvation parameters which have been derived from 
limited experimental data. 
Table 5 
Binary Salvation Class ip .. 
lJ 
Binary Class No. of Exp tP .. 
1 J 
Binaries 
1. Chloroform - Ether 1 1. 40 
2. Chloroform - Formate 1 2.00 
3. Chloroform - Acetate 2 2.20 
4. Chloroform - Ketone 1 2.55 
5. Chloroform - Amine 1 2.15 
6. Halo - Ketone 1 1. 10 
7. so2 - Ether 1 1. 55 
8. CO2 - Ether 1 0.75 
9. Ketone - Ether 1 0.70 
10. Ketone - Acetate 1 1.20 11. Ketone - Aromatic 1 1. 35 
12. Nitro - Aromatic 1 1. 80 
13. Nitro - Ketone 1 2.80 
14. Metharol - Amine 5 3.45 
15. CO2 - Alcohol 4 0.20 
16. Nitrile - Aldehyde 1 3.95 
17. Water - Amine 1 2.90 
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Appendix J lists predicted and experimental second-virial 
coefficients for 25 solvating mixtures. A summary of the average 
binary RMS deviations follows: 
Proposed Correlation with component t/J .. = 139 cc/gmol 1 J 
Proposed Correlation with class rjJ. . (Table 5) = 310 cc/gmol 1 J 
Hayden-O'Connell with component n .. = 134 cc/gmol lJ 
Hayden-O'Connell with class n .. (Ref 14, 23) = 350 cc/gmol lJ 
Pitzer Correlation = 1660 cc/gmol 
The RMS deviations for solvating mixtures are somewhat larger than 
for other cross coefficients due to the extremely large negative 
·coefficients that are encountered. Both the proposed and the Hayden-
O'Connell correlations are of similar accuracy for solvating mixtures. 
As expected, the Pitzer correlation is poor for solvating mixtures. 
Additional correlative capability is available with the propo-
sed correlation for solvating mixtures if equation 37 is used for 
B . 
chem· 
8
chem ij = b0 .. {1 - exp(rp .. /(T/310tij )J 1 J 1 J (37) 
Equation 37 has two adjustable constants and should only be used 
in cases where accurate data are available over the entire temperature 
range of interest. 
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III. Conclusions 
The proposed second-virial-coefficient correlation is on the 
average more accurate than either the Hayden-O'Connell or the 
Pitzer correlations. Its semi-theoretical basis allows for predic-
tion of second-virial coefficients when no experimental data are 
available. The proposed correlation can also be used as a highly 
accurate correlative tool when reliable experimental data exist. 
The proposed correlation predicts second-virial coefficients 
for non-polar and slightly polar components as accurately as the 
Pitzer correlation. For mixtures where chemical association or 
salvation occur, the proposed correlation can be significantly more 
accurate than the Pitzer correlation. 
The proposed correlation is based largely on the Hayden-O'Connell 
correlation with several improvements. These improvements include: 
a) The proposed correlation meets the correct high temperature 
limit of zero for the metastable-bound contribution to the 
second-virial coefficient and it more closely reflects the 
metastable-bound contributions derived from the Lennard-Jones 
and Stockmayer potentials. 
b) The proposed correlation on the average predicts both non-
polar and polar-non associating pure-component second-virial 
coefficients as or more accurately than the Hayden-O'Connell 
correlation. 
c) The chemical association term proposed is much simpler than 
its Hayden-O'Connell counterpart. In most cases tested, the 
proposed correlation predicts second-virial coefficients for polar-
associating pure-components more accurately than Hayden-O'Connell. 
d) The proposed correlation appears to extrapolate well to high 
temperatures for polar-associating compounds, whereas, in some 
cases (eg. water) the Hayden-O'Connell correlation does not. 
e) Another desirable feature of the proposed chemical association 
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term is that as the chemical association constant(~ .. ) increase~, 
lJ 
the second-virial coefficirnt always becomes more nEg~tive. 
Therefore, a unique value of~-. exists which will optim,lly fit 
l J 
experimental data. With the Hayden-O'Connell correlation, it 
is sometimes possible to obtain more than one value of the chemical 
association constant that·will predict similar second-virial 
coefficients. 
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Appendix A 
Summary of Hayden - O'Connell Correlation 
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The Hayden-O'Connell correlation assumes that pure component and 
cross second-virial coefficients include both a free and dimerization 
contribution: 
The free contribution (B~ J) in equation A-1 includes two terms to 
account for both non-polar and polar forces: 
The dimerization term (B~ J) in equation A-1 also includes terms to 
account for metastable-bound forces and partial chemical association 
forces: 
The four contributions given in equations A-2 and A-3 are given by: 
(0.94 - 1.47 - 0.85 + 1.015) 
~T* ~* ~* 
' j ' j ' j 
(B~olar)lj = -bo1j µ~~ (0.74 - 3.0 + 2.1 + 2.1) 
-T *' -:;:.-rT * 2 -:;:--;.rT * 3 
' j j j \ j 
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<A-1) 
(A-2) 
(A-3) 
(A-4) 
(A-5) 
(A-6) 
<A-7> 
where 
1/T7~ = 1/T7j - 1.6 Wtj 
botj = 1.26184 O~j <cm 3 /gmol) 
A, J = -0.3 - 0.05µ7 j 
~h' j = 1 .99 + 0.2µ7 j 2 
" 7243.8~,~j µ, j = 
(£,J/k)o,J 
" for µ7 J<0.04 µ, j 
"' 0 for 0.04~µ~ J<0.25 µ' j = 
µ7r0.25 for µ7J.?_0.25 
exp f111 J( 650 - 4.27>l 
t. <£,)k>+3oo J 
E, j = 
exp f11, J( 42800 - 4.27>l 
t < £, j 1k>+22400 J 
T = Temperature, K 
(£, J/k) = characteristic energy, K 
a,j = characteristic length, 1 
µ, = dipole moment of component i, Debye 
for 11, J<4.5 
for ri,J.?_4.5 
11,J = association parameter (i=j) or salvation parameter (i I j) 
w, J = nonpolar acentric factor 
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<A-8) 
<A-9) 
(A-10) 
( A- 11 ) 
(A-12) 
<A-13) 
(A-14a) 
<A-14b) 
(A-14c) 
(A-15a) 
(A-15b) 
' 
'l j 
j 
For pure components (i = j), the characteristic parameters are given by: 
c,.,/kl = c,.,lk>' c -c~
6
j~ [1 -~n~G + ~U2~ 
011 = cr: 1 [l + 3~/(n-6)] 
W1, = 0.006026 Ro, + 0.02096 R~, - 0.001366R~ 1 
where 
<e:11/k)' = Tc, {0.748 + 0.9lw,, - 0.41),,} 
2+20w,, 
= (Tc') 1 / 3 ( 2. 44 - w, , ) 
Pc, 
{ 0 ~ = 1.7941 X 10 7 J:!; [C Tc,o:7<e:11/k)'] 
n = 16 + 400 w, J 
C = 2.882 - 1 .882 w, ,/(0.03 + W1 I) 
Tc, = critical temperature of component i, K 
Pc, = critical pressure of component i, atm 
for µ,<1 .45 
for µ~1.45 
Ro, = mean radius of gyration of component i, ~ 
(A-16) 
(A-17) 
(A-18) 
<A-19) 
(A-20) 
(A-2la) 
<A-21b) 
(A-22) 
(A-23) 
For cross second-virial coefficients (i I j), characteristic parameters are 
determined from the following mixing rules: 
(e:, J/k) = (e:, J/k)' [1 + (n/(n-6)] 
o, J = a: J [1 - 3( /(n-6)] 
W1J = 0.5 (w,, + wJJ) 
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(A-24) 
<A-25) 
(A-26) 
' 
where 
( ) 1 / 2 01j = Ott Ojj 
( = 
0 
for µj > 2 and µ,=0 
(A-27) 
(A-28) 
<A-29a) 
(A-29b) 
for all other values ofµ, + µ j <A-29c) 
Th1s summary of the Hayden-O'Connell correlat1on follows the summary 
g1ven by Prausn1tz, J. M. et al., "Computer Calculat1ons for 
Mult1component Vapor-L1quid Equ1libr1a 11 , Englewood Cliffs, NJ: 
Prentice-Hall, Inc., 1980. 
0 3 5 7 q 
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' 
Appendix B 
Summary of Proposed Correlation 
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The proposed correlation assumes that pure component and cross 
seco·nd-virial coefficients include a free and dimerization contribution: 
The free contribution (8~j) in equation 8-1 includes two terms to 
account for both non-polar and polar forces: 
8~j = (B~onpolar)\j +(B~olar)lj 
The dimerization term in equation 8~1 accounts for metastable-bound 
non-polar forces, metastable-bound polar forces and partial chemical 
association forces: 
( 8-1) 
(8-2) 
( 8-'-3) 
The required pure-component parameters for th~ proposed ~orrelatJon 
include critical temperature <Tc;), cri.tical ·pressure (Pc,), .radius 
of gyration <Ro1J, dipole moment Cµ, ), and -a chemical associ~tion 
constant <~11> for polar-associating compounds. Iri addition, a 
chemical solva.tion constant <~1 J) is required. for solvating 
mixtures. 
giv~n by: 
The five contributions given in equation B-2 and B-3 are 
(B~anpolar)lj :i: bo, J [(0.5666 - 1.06. l + 0.4292 - 0.]402) 
. ~ T: Jz r:13 
+ w:j_~.727 - 10.55 + 19.46 - l3.9_9j] 
. T* T·" 2 T·". 3 i j I j I j 
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<B-4) 
f 
where 
(B~olar)tj = botj µ~j <0.3815 - l.630 + 3.240 - 2.780) 
~ * ·rn-r· ~-; j ·' j t j 
(Bmeta-bound n·onpolar)tJ = -b~)>~ [2.089 + 0.05155 + 0.169(l 
T~ j T~J . T;fJ 
(Bmeta-bound polar)tj = -botj .[0.7610 ~ 
. T, J 
<Be,,.),,= bo,r c -exp (3Xl~;o/, ,)J 
l~ j = T / ( £ I j I k ) 
bo,J = 1.26184 a?J 
µ~j = 7l43.8 µi~j 
(ciJ/k) Otj 
T = Temperature, K 
(cm 3 /gmol) 
(c; J/k) = characteristic energy, K 
a; J = characteristic length, ~ 
µ; = dipole moment of component 1, Debye 
~' J = as~ociation parameter <i=j) or· ~olvation 
parameter (ijj) 
w: J = nonpolar acentric factor 
For pure components, the characteri~tic parameters are given by: 
d; I [ l + 30 ( n,..6}] 
w:, = 0.006026 Ro, + 0.02096 R~, - 0.001366RJ, 
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<B-5) 
(B:..7) 
< s:..g) 
(B-10) 
<B-11) 
<B-12) 
<B-13) 
( B:-14) 
<B-15) 
l 
where 
= 2 .4(T C ) 1 / 3 
Pc 1 
~ = l.7941 X 10 7 µ; 
[C Tc1 o:~<£11/k) 1 ] 
n = 1 6 + 400 w: j 
C = 2.882 - 1.882 w'., /(0.03 + w: 1) 
Tc1 = critical temperature of component i, K 
Pei= critical pressure of component i, atm 
Ro,= mean radius of gyration of component i, ~ 
For cross second-virial coefficients (ijj), characteristic parameters 
are determined from the fol lowing mixing rules: 
(c, j/k) = (c,J/k)' pl J 
I 
a' J = a' J q I j 
I 0.5 <w:, + w~J) WI J = 
where 
I (a, , + O"JJ)/2 a' j = 
pl j = [ l + (n/(n-6)] 
q I J = [ 1 - 3(/(n-6)] 
C ~ __ (£11/k)" l -l = (J , ' 
(c,J/k)' /6 a, i 
a, J 
• 8/o~, o~ i 
(o,; + oJ)) 
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<B-16) 
<B-17) 
<B-18) 
<B-19) 
<B-20) 
( 8-21 ) 
<B-22) 
<B-23) 
(8-24) 
<B-25) 
(8-26) 
(8-27) 
CB-28) 
I 
- 0.0751j11, 
0.075 'l11J 
for 'l111>0 and 'l1JJ=0 
for 'l1JJ>O and lj/11=0 
or all other values of lj/11 and 'l1JJ 
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<B-2 9a) 
<B-29b) 
<B-29c) 
! 
·, 
